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ABSTRACT

The instability of hypersonic boundary-layer flows over flat plates is considered. The
viscosity of the fluid is taken to be governed by Sutherland’s law, which gives a much more
accurate representation of the temperature dependence of fluid viscosity at hypersonic speeds
than Chapman’s approximate linear law; although at lower speeds the temperature variation
of the mean state is less pronounced so that the Chapman law can be used with some con-
fidence. Attention is focussed on the so-called “vorticity” mode of instability of the viscous
hypersonic boundary layer. This is thought to be the fastest growing inviscid disturbance
at hypersonic speeds; it is also believed to have an asymptotically larger growth rate than
any viscous or centrifugal instability. As a starting point we investigate the instability of
the hypersonic boundary layer which exists far downstream from the leading edge of the
plate, In this regime the shock that is attached to the leading edge of the plate plays no
role, so that the basic boundary layer is nor-interactive. It is shown that the vorticity mode
of instability(of this flow operates on a significantly different lengthscale than that obtained
if a Chapman viscosity law is assurned (see Smith and Brown, 1989). In particular, we find.
that the growth rate predicted by a lidear viscosity law overestimates the size of the growth
rate by O(M?). Next, the development of the vorticity mode as the wavenumber decreases is
described, and it is shown that acoustic modes emerge when the wavenumber has decreased

from it’s O(1) initial value to O(M '%) Finally, the inviscid instability of the boundary
layer near the leading edge in the interaction zone is discussed and particular attention is
focussed on the strong interaction region which occurs sufficiently close to the leading edge.
We find that the vorticity mode in this regime is again unstable, and that it is concentrated
in the transition layer at the edge of the boundary layer where the temperature adjusts
from its large, O(M?), value in the viscous boundary layer, to its O(1) free stream value.
The existence of the shock indirectly, but significantly, influences the instability problem by

modifying the basic flow structure in this layer. ...

1Research was supported by the National Aeronautics and Space Administration under NASA Contract
No. NAS1-18605 while the authors were in residence at the Institute for Computer Applications in Science
and Engineering (ICASE), NASA Langley Research Center, Hampton, VA 23665.
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1. INTRODUCTION

Our concern is with the inviscid mode of instability of hypersonic boundary-layer flows
over flat plates. In the first instance we will consider a regime where there are no shocks
present, and then we will show how the instability problem is significantly modified by
the presence of a shock in the flow field. The motivation for this and related work on
hypersonic boundary-layer instability theory is the renewed interest in hypersonic flight
which has been stimulated by plans to build a successor to the Space Shuttle. A primary
concern with such a vehicle is the question of where transition will occur over a wide
range of Mach numbers and whether it can be controlled. At the largest relevant Mach
numbers, say Mach 20-25, the extremely high temperatures associated with the flow would
destroy the vehicle unless it were cooled, so that it is of interest to know the effect of
the wall temperature on the instability properties of the flow. The purpose of this paper
is to determine the inviscid instability characteristics of physically realistic hypersonic
boundary-layer flows. We note here in passing that there is a simple generalization of
Rayleigh’s (incompressible) inflection point theorem to compressible flows (Lees & Lin,
1946), and that many compressible boundary layers turn out to be inviscidly unstable even
though their incompressible counterparts are stable. This is a significant result because
the growth rates of inviscid disturbances are generally much larger than those of viscous
or centrifugal instabilities so that they are the likely cause of tramsition to turbulence
in most situations. The modes which we discuss in this paper can be referred to as
generalized inflection point modes because, when neutral, their phase speed is equal to the
fluid velocity at the genera.liized inflection point. Furthermore the eigenfunctions of the
modes are localized around that point.

For convenience we will concentrate on high-Reynolds-number flow past a flat plate,
although many aspects of our analysis are applicable to other boundary-layer flows (e.g.
flow past a wedge). The underlying steady flows that we study depend upon the Mach
number, the Prandt] number and the choice of the viscosity law; the complications arising
from real gas effects are not investigated. Throughout we assume that the fluid viscosity
is Newtonian and is adequately described by Sutherland’s formula. We will also take
the Prandtl number to be one, noting that it is relatively straightforward to relax this
restriction. Moreover the relaxation of the latter restriction does not significantly alter the

qualitative features of the results we present here.



Reshotko (1976) and Mack (1987) have reviewed earlier work on the linear instability
of high-Reynolds-number compressible flows. Many of these studies are based on the Orr-
Sommerfeld equation; for a critique of the mathematical rigor of this approach see Smith
(1979, 1989). Here we examine the linear stability of high-Reynolds-number flows by means
of formal asymptotic expansions; for example Smith (1989) has applied triple-deck theory
to the lower-branch viscous Tollmien-Schlichting modes of compressible boundary layers.
Seddougui, Bowles & Smith (1989) have extended this theory to include the effects of
severe wall cooling, while Cowley & Hall (1988) have shown how such modes can interact
with a shock at large Mach number. However, the viscous modes have relatively small
growth rates, and our main concern here will be with inviscid modes. The nature of the
asymptotic expansion procedure in these investigations clearly depends on the nature of
the mode of instability. In fact the third type of instability responsible for boundary-
layer transition, the Gortler vortex mode, develops an asymptotic structure at high Mach
numbers closely related to that found here; see Hall and Fu (1989).

When a quasi-parallel approximation is formally justifiable because the Reynolds num-
ber is large, inviscid modes satisfy the compressible Rayleigh equation. Numerical solutions
to this equation have been reported by, inter alia, Mack (1984, 1987) for boundary-layer
flows, Grosch & Jackson (1989) for shear flows, and Papageorgiou (1989) for wake flows.
For fluids satisfying a Chapman viscosity law, high-Mach-number asymptotic solutions to
this equation for the so-called “acoustic” boundary-layer modes have been obtained by
Cowley & Hall (1989), while Smith & Brown (1989) have identified the asymptotic form
of the “vorticity” mode. Goldstein & Balsa (1989) have given an asymptotic solution for
high-Mach-number, shear-layer modes of instability for a Chapman fluid. Though the basic
states investigated by the two latter pairs of authors are different, they found essentailly

the same most unstable eigenvalue because it corresponds to a disturbance trapped in a

thin layer where the overall features of the basic state are unimportant. However Goldstein

and Balsa did not spot the exact solution of the vorticity mode equation found by Smith
and Brown.

Both in the above mentioned boundary-layer analyses, and the hypersonic Gortler
vortex instability analysis of Hall & Fu (1989), one of the key asymptotic regions for the
case of a Chapman viscosity law is a logarithmically thin layer which develops due to the
ezponential decay of the underlying steady temperature field away from the wall. However,

Chapman’s viscosity law is not exact, and was introduced as a useful interpolation law
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which greatly simplified steady boundary-layer calculations (e.g. see Stewartson 1964). At
the large temperatures typical in hypersonic flows, it differs significantly from the more
precise Sutherland’s formula. In fact Chapman’s law is simply a linear approximation to
the viscosity-temperature dependence of the fluid; it is therefore of questionable validity
in the hypersonic limit. At high Mach numbers the steady temperature field in a fluid

satisfying Sutherland’s formula initially decays algebraically away from the wall, before

" reverting to exponential decay in an asymptotic region “far” from the wall (e.g. Freeman

& Lam 1959). The effect of this algebraic decéy is to change significantly the scalings in the
transition region; in particular the asymptotic expansions proceed in inverse powers of M
rather than / W. Moreover the wavelength of the most unstable disturbance varies
by a factor of v/log(M) in the two cases. We note that a similar difference in scalings is
evident in the interaction region of steady hypersonic flow past a flat plate. In that case
Lee & Cheng (1969) have shown that the shock-heating transition layer is logarithmically
thin for Chapman’s viscosity law, whereas for a power-law viscosity formula, and hence
for Sutherland’s formula, the scaling for the transition layer is algebraic (Bush 1966).

The flows which we consider here are appropriate to different stages of hypersonic flow
past a semi-infinite flat plate. In the first instance we shall consider the instability of a
non-interactive flow which is appropriate to large distances downstream of the leading edge
of the plate. Here the attached shock at the leading edge has no effect on the flow field and
the basic state is the Sutherland law counterpart of that discussed by Smith and Brown
(1989). This basic state, and the Rayleigh equation which governs the inviscid instability,
are discussed in Section 2. The dispersion relationship associated with this equation is
then solved in Section 3. We shall discuss the growth rate of the mode over the whole
range of unstable wavenumbers and discuss how the disturbance is related to the acoustic
mode at small wavenumbers.

Then in Section 4 we go on to discuss the basic state in the so-called “stronginteraction
region” further upstream. The description of the basic flow in this regime for a power law
fluid is due to Luniev (1959) and Bush (1966). We shall discuss how the interactive system
for the flow can be formulated when the Mach number is of order R¥. However this
system can only be solved numerically and we are not aware of any published results on
that problem. Nevertheless we can of course still consider the instability of that state,
and we derive the appropriate (quasi-parallel) stability equations in this regime. The

strong hypersonic interaction limit then corresponds to taking the further limit of the
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streamwise variable tending to zero. In that case a similarity solution for the basic flow
can be found, Bush (1966), and a re-scaled Rayleigh equation for the disturbance is found.
The solution of that equation is discussed in' Section 5. We could have instead considered
the weak hypersonic limit further downstream where Bush and Cross (1967) have given an
appropriate asymptotic description. We choose to concentrate on the strong interaction
regime because it is, to a certain extent, simpler. Further, if the flow is unstable in this
regime it is likely that growing disturbances will originate here. Finally in Section 6 we

shall draw some conclusions.



2. NON-INTERACTIVE STEADY FLOWS

We begin by considering the stability of steady hypersonic flow far downstream from
any leading-edge interaction region; in particular, if L is the distance from the leading
edge, and Us ) @os, Do and fiy , are the velocity, sound speed, density and shear viscosity

of the free stream flow, then we assume that the Reynolds number,

oo Uoo L
R == (2.1a)
Koo
is larger than whatever power of the Mach number,
M=, (2.1b)
Ao

is necessary for interactive and/or non-parallel effects to be negligible (see below for a more
precise restriction). We adopt a non-dimensionalisation based on coordinates Lz (where z
is in the direction of flow and y is normal to plate), velocities U u, time Lt/[:’,, , pressure
Poo (7020 p, density P p, temperature T.. T, and shear and bulk viscosities i [t and it
respectively, where the subscript co denotes the value of the quantity in the free-stream.
On the assumption that the fluid is a perfect gas with a constant ratio of specific heats v,

the governing equations of the flow are

ap
il . = 2
il (pu) = 0, (2.2a)
Du_ g, 2,0,
D = -Vp + R[ZV - (pe) + V((u BM)V u), (2.20)
DT 2 (’Y - 1)M2
pmr = (1= DM Lt Rv (YT) + L———2, (2.2¢)
7M b= pT, (22d)
where 5 5
B __)
&j = (3:1:, + A (2.3a)
2
@ =2u:e+ (W — g0V 0% (2.3b)

and Pr is the constant Prandtl number. For a shear viscosity obeying Sutherland’s law

1+C) 2
_ 3 2.3
g (T+C o (2:3¢)
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where C ~ —

for air temperatures measured in degrees Kelvin. In the numerical cal-

o0

culations discussed in the next section we took 7., = 216.9. The boundary-layer equation

can be recovered by first substituting

v 1
(= R?/ pdy, v=R"3V, (2.44a,d)
0

where the Dorodnitsyn-Howarth variable, (, is introduced for convenience, and then taking

the limit R — oo.

For steady two-dimensional flow over a flat plate, a similarity solution to these equa-

tions exists. With

¢ . _ __ 5
n= \/(1_-{-_55;’ u= "»b(, pV - (wc + Cz'l/)(), (2' a)
v=V{1+Clxf(n), T=T(), p=p), (2.5b)

the governing similaﬁty equations are found to be

pT =1, (2.6a)

T3 ' |

" =0 2.6b
ff+(T+C’f) , (2.60)
P 4 — ( ) DT (2.5¢)

2 T+C. T+C ’ a

subject to the boundary conditions

£(0) = £(0) =0, "f'(00) = T(00) = 1, (2.6d)
and T(0) =T, (fixed wall — temperature), or T'(0) =0 (insulated wall). (2.6e)

For simplicity we will focus attention on Pr = 1, and denote by T, the wall temperature

when the boundary is insulated. Then, as is well known (e. g Stewartson 1964), the energy

“equation can be integrated to yield

T=1+((T,,—1)+

;;Nal L

(—1>M2<Tb+f>)< o @

where T,, = T, T, and T, _1+2(7—1)M2

- mor o

nﬂll“\ i\q\l 1 m m\lli o



The solution to (2.6) in the limit of large Mach number has been examined by Freeman
& Lam (1959). They showed that two asymptotic regions develop, defined as where the

coordinates n and { = M %1, respectively, are order one.

£=0()
In this region we write f = M-%fo(€) + ..., then using (2.7) it follows from (2.6b)
that

fofs + (;—8_3) ’ ((T,, , f,)f;(l — ) =0 (2.84)
with
fo(0) = fo(0) =0, (2.80)
and
24 728

as £ — 0o. (2.8¢)

f0~£+,3+ (Tb+1)(7_1)€3_ (Tb+1)(7_1)£4+

We note that as § — oo, then fg — 1 algebraically. This is of course different than
the corresponding result for a Chapman fluid, in that case the correction term to the
free-stream speed is exponentially small. This difference is significant because it leads to

inviscid instabilities which are unstable at very different wavelengths.

n=0(Q1)
Here, we write

'f=n+]\f +_‘217+..., (2.9)

then g; satisfies the equation

(Vida-@G+ng |\

ngy + 2 ~g =0, (2.10a)
L\ IF 30 - D@+ et )

subject to

24
AT+ D)y -’

as n—0, and g1 —0 as 7 — o0 (2.10b)

In Figure (2.1a) we show the function f(') for the adiabatic case Ty = 1 with v = 1.4, we
note the algebraic approach of the function to the free-stream speed. In Figure (2.1b)

we show the transition layer function g'1 corresponding to the same case. We note the
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eprhéﬁéﬂ:JéEEﬁ?;6f;rithi's function for large 7. It is also worth pointing out that for a
Chapman fluid the transition-layer equation corresponding to (2.10a) is linear, and it’s |
solution can be expressed in terms of the exponential function. It was this simplification
that enabled Smith and Brown (1989) to spot the exact solution of the neutral vorticity
mode in their study of the instability problem in this layer. We shall see below that for
Sutherland’s law we are not able to find a similar exact solution of the stability equation.

Sufficiently far downstream the quasi-parallel assumption is valid for inviscid instabil- .

ity modes. It is then appropriate to seek perturbations of the form

v=f'(n)+ ...+ Au(n)exp (z\/-(l—f%) (az + Bz — ct)) + ..., (2.11a)

p= -’-7-1%4-5 + ...+ Ap(n) exp (i\/(T%(a:c-{—,Bz—ct)) +..., (2.11b)

with similar expressions for the other flow quantites. If the disturbance amplitude, A, is
sufficiently small the pressure perturbation p satisfies the compressible Rayleigh equation -
d2j5 21" dp

2 2
T~ gy~ @+ AIT(T -

02M2(f/ _ C)Z
(a®+p?)

)p =0, (2.12q)

where for convenience we have rescaled the quantities a, 8, ¢ by dividing them by z%. The
conditions that there is no normal velocity at the wall, and that the disturbance is confined

to the boundary layer, can be expressed as

"=00n77=70, ﬁQOasn—»oo. (2.12b) :
S T b
Equation (2.12a) and boundary conditions (2.12b) specify a temporal-stability eigenrelation %
c = c(a,w,B);ﬁ alternatively from a 'spzrttriia;l Stability standpoint, the eirgrenrela.tion can be
regarded as o = afc, 3). ' R

8 7 _
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3. THE FAR DOWNSTREAM BEHAVIOUR OF THE INVISCID MODES

In this section we discuss the asymptotic form of unstable solutions to (2.12q) for the
region far downstream of the leading edge of the plate. In a previous investigation Cowley
and Hall (1988), hereafter referred to as CH, studied the so-called acoustic modes of (2.12a)
in this region on the assumption that the viscosity satisfies Chapman’s law. Simultaneously
Smith and Brown (1989), hereafter referred to as SB, investigated the vorticity mode for
Chapman’s law. The main difference between these two types of modes is that the acoustic
modes have a ~ M ~2, whilst the vorticity mode, at least while it is close to neutral, has
an~V W. Moreover the vorticity mode is centred at the adjustment layer at the
edge of the boundary layer whilst the acoustic one is concentrated in the main part of the
boundary layer.

However, as indicated above, at high Mach numbers the temperature variations in the
boundary layer are large, so that a linear temperature-viscosity law is a bad approximation;
Sutherland’s law should be used to give a better representation of the viscosity. It is then
important to see how the asymptotic structures developed by CH and SB change. We shall
see that there are significant differences.

In the first instance we derive the asymptotic structure of the solution for a two-
dimensional vorticity mode of (2.12a). We determine the neutral values of a and ¢ for
this mode, and find the limiting form of the mode when the further limit o — 0 is taken.
This limiting solution points to a sequence of distinguished asymptotic limits. Within the
sequence of asymptotic limits mentioned above the scaling, a ~ M -3/2  appropriate to
an acoustic mode emerges; we therefore discuss the latter mode as a limiting case of the

vorticity mode.

a=0(1)

Consider then the solution of (2.12a) which has the eigenfunction trapped in the
temperature adjustment layer at the edge of the boundary layer. We seek a solution which
has # = 0 and @ = O(1), so that the wavelength of the vorticity mode is comparable with
the depth of the adjustment layer in terms of the Dorodnitsyn-Howarth variable. From
(2.7) and (2.9), the velocity field, @, and temperature field, T, of the underlying steady

flow expand as
2G(n)

+...,
(v — 10T + 1) M2 (3.1a,b)
T=1-G+...,

T=1+




where 7 = v/277 and the function G = %(Tb + 1)(y — 1)g} satisfies a rescaled version of
(2.10a), and has the asymptotic behaviour

9 B
G=_f}7+W+(ZC+1)+.“ as 71— 0, (3.2a)
G — 0 exponentiallyas 7 — oo. (3.2b)

Here B is a constant to be calculated numerically.

Next we expand «, ¢ and p in the forms

1
a=—4&+4 ...,
V2
2 (3.3a,b,¢)
c=1+ e+ ..., 24, 0,
(v - )(T + 1)M?
p=p+...,

where we have assumed that the disturbance moves downstream with the fluid speed in
the adjustment layer. On substituting for @ and T from (3.1), and using (3.3), we find
that the zeroth order approximation to (2.12a) in the adjustment layer is,

d?p 26" dp

A2 2., '
—_— e — — = 0. .
T G_cdp a“(1-G)p (3.4)

7 ngxg)j;gjhé three-dimensional disturbances satisfy (3.4) but with & replaced by
&%+ 62 so that in the present regime it is sufficient for us to consider only two-dimensional
modes. Equation (3.4) is to be solved subject to p vanishing in the limits § — 0 and
fj — 00, so that the disturbance is confined to the adjustment layer. For f >> 1 it follows
from (3.4) that p decays like exp(—a7), whilst for 7 << 1 a WKB solution of (3.4) can be
expressed in the form

p ~ expl— [ O(n)]dn, (35)
where o B
a 2 & . i

First, we restrict our attention to the neutral case. ¢is then real and can be evaluated
by finding the fluid speed correct to order M~2 at the generalized inflection point which
is located where ~ -~

2

2

=0,

'ﬂll
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i.e. where o -

@ tice="
A numerical solution to (2.10a) using a Runge-Kutta method shows that this occurs when
fj >~ 1.971510, in which case

¢ = —.993934 (3.7)

The corresponding real value of & is obtained by integrating (3.4) from 7 = 0 to 77 = oo with
an appropriate treatment at the generalised inflection point. Such a calculation predicts
that the neutral value of & is 7

& 7 0.645065. (3.8)

However, of greater significance are the unstable eigenmodes. Figure (3.1) illustrates
the dependence of the growth rate, &¢;, on the real wavenumber & . We see that the growth
rate attains it’s maximum value of ~ 0.256853 at & ~ 0.143619; further it turns out that
the acoustic modes have smaller growth rates (see below) so that this is the most unstable
inviscid mode for a hypersonic boundary layer. In Figure (3.2) we show the eigenfunction
of the vorticity mode equation at different values of the wavenumber. This figure indicates
that as the wavenumber decreases the eigenfunction starts to expand out of the transition
layer. We note here that & as defined above is independent of 7, and that the growth rate
is obtained from (3.3b) by dividing &é&; by 715(T,, + 1)(y — 1). It follows that wall cooling
has a destabilizing effect on the vorticity mode.

The structure of the growth-rate curves at small wavenumbers is of interest because
for sufficiently small values of the wavenumber we expect that the vorticity mode will
develop a structure similar to that of the acoustic mode. In the following discussion we
will isolate the different significant regimes which occur in the small wavenumber limit.
For simplicity we shall now concentrate on the adiabatic problem and take T; = 1.

The key to understanding the subsequent regimes when & is related to inverse powers
of the Mach number is to write down the small & asymptotic structure of (3.4). Figure
(3.3) is a schematic illustration of the different regions in 7j space which emerge in the limit
& — 0. Also shown in this figure is the wall layer in which the temperature becomes of
order M2. For the moment & is not considered to be sufficiently small for & to be O(M~*)
for some positive ¢; it then turns out that the regions I and IV shown in figure (3.3) are
quite passive. However, at sufficiently small values of & the walil layer structure of the

basic state will enter the problem - see below.

11



After some careful numerical calculations at small values of & we deduced that &

expands in the form
. & |, &2
¢ = 5277'+ 3377'+..‘. (3.9)

Also, from (3.2b,4) it follows that for 7 ~ &~ ! the pressure decays like exp(—a®). This
suggests that the pressure in IIT should be expanded in the form

+atp+atpat ...+ atpe+ alpr— )+
(Po — B2) + & (P10 — Pam)+ (3.10)
+a7v P+ c‘sz’m + &l_:'f’m + &2}314 +...,

where we have anticipated the form of several terms in this expansion in that p1, ps,..., 10
are taken as constants, whilst ]511, 1312, etc. are functions of 7. At order &% in this

expansion we find that Pj; satisfies

- 2G'
P22 —
11 1 - ’

so that after use of the exponential mathching condition it follows that
. 2 o R R
Py = ~5 ). Gdn—pan+tpu, (3.11)
n

where $11 is another constant. }312 and 1313 satisfy similar equations with forcing functions
comlng from the hrgher order terms in the expansion of the wavespeed.

The order 42 term in (3.10) is then found to satisfy

8 &3 &3 ¢4 20203
Pl =(1-G)2 = 2 (py— Bpo— (B L2y &, -
14 = ( )? (Ps Pz (— i )b1 atF —3)

‘which may be integrated twrce to glve P14 However it is enough for our purposes to note

' that when 7 — 0, Py~ 77'6 sothatas 7 — 0 the order &% and &2 terms in (3.10) become
comparable when 7 = O(av ); thus, as anticipated earlier, the sublayer III is of depth arv.
Within this layer we define

Z=4"%f

and expand the pressure as

PL+...+apr+a*P(Z)+...,

R I BN RN B
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where we have, by matching with the solution in II, again anticipated several terms in this

expansion. At order &% we find that Pg satisfies

) 2 . 8l
Pyt —— _Pl= o
8t Z@ziv9) 8~ 28

We write the solution for 133 in the form

81dZ 1

Py = (61+-9—)2(/z——————
8 (6125492 &

Z4 - )’

where the constant of integration has been chosen to satisfy P§ — —1 as Z — oo in order
to match with the solution in II. Finally we consider Region IV and define fj = a3z The

zeroth order approximation to (3.4) here is

8 81 .

p.s + —P. — =P =0, 3.12
Bes + —P: — —gh (3.12)
which must be solved subject to p — 0 as 2 — 0. The appropriate solution then has p —

constant as z — 0o so a match with III can only be achieved if

/°° 81dZ 1

—_— — 0. 3.13
o GZ5 0P & (3.13)

It is assumed that & in (3.13) is complex so that after a little manipulation we obtain

82 i

—(3\/§7r) ’ exP(—T)’

¢1

which corresponds to an unstable mode of (2.12a).

a=0(M-%)

Next we consider the situation when « is so small that IV in Figure (3.3) merges with
the wall layer of the basic state. At this stage the wall layer is of thickness M-7 so that
a ~ M~%. The wavenumber o is then written in the form

a0

o + ...,

where for the moment we shall not be precise about the size of the first correction term in

this expansion. The zeroth order approximation to (2.12a) in the wall layer then becomes

_ 2(1 — 7o)
(v = 1)1 + 20)

20y _, ad(y—1)? i
- 20y - SO 1k g - w0 B=0,  (314)

13



where a dash denotes a derivative with respect to the wall layer variable £ = M %n, and
Zg is the first term in the expansion of @ in that layer. The above equation is again to be

solved subject to 7'(0) = 0. For large £ it has the asymptotic solutions
p ~ Ng = constant and 1'557 ~ N1 = constant.

For most values of ag the constant Ny is nonzero, and the structure in layers I, II, III
survives intact. Thus for these values of ag the wavespeed ¢ expands as

e=l-—f+.., (3.15)
and dy will be complex so that the wave growth rate is of order M~ %

However, equation (3.14) has a countable infinite set of eigenvalues for which the
constant Ng = 0. In this case the eigenfunction takes on its greatest value in the wall
layer, i.e. where the steady velocity field is adjusting to it’s free-stream value. These
eigenvalues correspond to the acoustic inviscid modes and are the counterpart of those
discussed by CH. A numerical solution of (3.14) yielded the sequence ag = 2.47, 7.17,
12.19, 17.33, 22.54, 27.79, ... The first three eigenfunctions associated with this sequence
of eigenfunctions are shown in Figure (3.4). Thus at a countable discrete set of points the
acoustic modes emerge as almost neutral “vorticity” modes. In fact we could seek acoustic
modes with a ~ O(1), i.e. for a wavenumber much larger than currently assumed, for
which'fhe eigenfunction is concentrated in the § = O(1) wall layer. These modes have a
fast variation in this layer which may be described by the WKB method. At certain values
of M these eigenvalues coalesce with the neutral vorticity mode discussed earlier, and an

analysis outlined in CH (see also SB) can be performed to describe the ‘splitting’ of the

‘eigenvalues in this region, we do not pursue that calculation here but simply determine

the structure of the vorticity mode in the vicinity of the acoustic mode. Thus the small o
structure outlined above remains valid for @ = O(M - %) if the acoustic modes are avoided;
it follows that ¢; continues to grow in the further limit aM? — 0, where no neutral acoustic
modes exist.

In order to examine the interaction of the vorticity mode with the acoustic modes in

a little more detail, we expand the wavenumber in the form

®
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whilst ¢ still expands as in (3.15). Here we are denoting by ap any eigenvalue of (3.14)
corresponding to No = 0. In the wall layer p expands as

5= M2TQo(1+3[M]) + Q1+ ..., (3.16)

where we have anticipated the possible occurrence of further eigenfunctions between Qo, Q1
by inserting the factor (1 + @[M ]). For our purposes it is not necessary for us to calculate
& here. If we substitute the above expansion into Rayleigh’s equation we see that Qo

satisfies (3.14) with a = aj. The derivative of Qo vanishes at £ = 0 whilst for { >> 1

Qo ~ qot™ "

where gg is a constant. At higher order in Rayleigh’s equation we find that Q1 satisfies

2110 (00)2(7 1) a2 2(1 )
2(1 — 7o)
(v — 1)(1 + o)

ajag

= =2 (r- 1) —a%)(l -

)Qo.
The solution of this equation which has Q}(0) = 0 is such that for large £

Q1 ~ aogo0].

The constant ag depends on af and -, and can only be determined numerically. However it
can be shown that ag is alternatively positive and negative at successive values of a. The
region III of Figure (3.3) becomes of depth O(M~3/1%) when o is O(M~3/2). The solution
in this layer is calculated using the procedure outlined above; the only significant change
is that in matching regions III and IV we must now account for the fact that Qo ~ E -

for large £. After some manipulation we find that the eigenrelation obtained when this

matching has been carried out is

1
L 3.17
where
9A2apah0] 5 oy 47 12
&) = di=Ddy, D=09—=)"", A= . 3.18a,b,¢c,d
1 7D? 1 ! ( 82 ) (v-1) ( )

In Figure (3.5) we have shown solutions of (3.17) for —5 < &j < 5. At both ends of this

Figure d1 approaches e~ 4T which gives the required matching with the unstable vorticity
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modes away from the acoustic modes. We further note that for small aj the growth rate

tends to zero. More precisely from (3.17) we find that for small o]

86—i1/4

. 1/
[
d1~(a3)1/2+42—+...

so that, dependent on on the sign of o}, the growth rate goes to zero like M~ %(61)1/2 or
M-3(ay)1Vvs, C e S B
Strictly we should now rescale the above expansions when a] becomes sufficiently
small. We do not pursue that rescaled problem here since our main concern is with com-
pleting a discussion of the structure of the vorticity mode at all lengthscales, in particular
we wish to see if the vorticity mode connects with any other neutral states. We have
already seen that ¢; continues increasing as the wavenumber decreases through O(M~-%/ 2)
values, apart from small neighborhoods of the acoustic modes where it decrease towards
zero. Thus rc,- tends to irnﬁnity on the present scaling when ag tends to zero. Thus the
main significance of the a ~ M~93/2 regime is that it is at this stage where the acoustic
modes emerge; however the small o structure, developed initially for the o = O(1) scaling,

survives this regime intact in the limit of ag tending to zero.

a=O0(M- 3
The next significant stage in the development of the vorticity mode occurs when the
temperature in the upper layer, i.e. where n ~ a~1, becomes such that T ~ (z — c)z.Mz.
The pressure eigenfunction in the upper layer then has its decay to zero modified. This

situation occurs when

c=1—X}+..., (3.18)
with
[
Q=W+.... 7 (3.19)

In this case the pressure in the upper layer decays like exp(—I(1 — J2)lM"7/47"77)f This
means that in the rescaled region correspondmg to IIT of Figure (3.2), where we write
Z = MY%y, the pressure perturbation expands as

Py(Z)

ﬁ:1+...+ M2

+ ...,
and Py satisfies the equation

244 5 _ 9A%(y - 1)%2

polon o i mmuum;ﬁ‘u I
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The solution of this equation which enables us to match with the behaviour discussed

., . 34 © 9A2(y — 1)22 \/1 _ &
Py=(d1- =7 —f dZ — I\ —-2).
2= (d1 - Z7)( ; (d1Z2%—34)2 a2 )

above is

In the wall layer there are now no acoustic mode eigenfunctions which lead to decay at

infinity so that matching leads to the eigenrelation
/°° 9A42(y —1)2 W1-d?
0 (51Z4 — 3A)2 J%

A more convenient form for the eigenrelation is found by writing

3 8Iv2
T 3(3A) Y4 (y ~ 1)2r

l

so that B
fe /% 4 J{T\/l —d2=0.
As expected in the limit £ — oo we obtain dj ~ e~ 3%7/77- % which is the limiting form of

the solution obtained for & ~ M~ %. It is a simple matter to show from the above equation

that d1; is a monotonic decreasing function of ¢ and in particular for ?Z — 0 we find that
dy ~ T3 13, (3.20)

The main implication of this limit is that the M~ ¢ layer for the a ~ M~ 7 modes decreases
in size like GI% when 71 — 0. The next stage is when the M~ Y and M- % layers merge
which occurs when d; = O(M) and a = O(M~ ).

a=0(M-%)
Here we expand ¢ and a in the forms
L
c=co+ ..., Va= e +....

Now there are just three regions, of depth M~ ¥, M9 and M %, for us to comsider. Inter-
estingly the extent of the perturbation away from the wall has been reduced by a factor
of M% from the order M ¥ scale of the case @ ~ M~ . This reduction in depth is caused
by (@ — c) remaining O(1) in this layer, and if we write = M3Y, the dominant terms in

the equation for the pressure in that layer give
. 2 2 _
pry + L°(1—co)’p=0 (3.21)
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If co has a positive imaginary part, it follows that
p= eXp(_UY)’

with ¢ = iL(1 — ¢g). Thus where Y — 0 we have that %;';: — —M~30. This means that

the required solution for p in the n = O(1) region is

i [P +70]+.... (3.22)

P=1l+..——5

Here the constant terms are small compared to M? but large compared to M~ 7; in prin-
ciple they may be found by matching requirements. It remains to consider the small layer

when n= M-~ %f, and p expands as

1
p=1+...+mP2(£)+....

P, is found to satisfy

py_ _2ub

Py = 313y~ D1+ u0)(1 ~ u0) (57 ~ (1 + uo)(1 — o) ~ (0 - )
uo — co

so that

Py = (ug - 60)2/6 L3y — 1)(1 + uo)(1 — uo)((7 — 1)(1 + ug)(1 — uo)

2
— (ug — cg)“)ds.
0 2(ug — co)? 2 ( ))

(3.22)

A match with the core solution is achieved if
* Ly - 1)1 1-—
(1- co)zf (v = 1)(1 + uo)(1 = uo)

0 4(ug — cg)?
= —0 = —1L(1 - ¢p).

((v — 1)(1 + uo)(1 — ug) — 2(uo — co)?)de¢

‘ (3.23)

This is the required eigenrelation to determine the complex wavespeed cg as a function

of the scaled wavenumber L. A large L analysis of this equation shows that the limiting
small £ solution of the a = O(M~ %) case is retrieved.: -

In Figure (3.6) we show cg as a function of L for 100 < L < 400 and the case of an

for L ~ 225 and a neutral mode exists for L ~ 110. We postpone until the final section a

discussion of the implications of the results we have found above.

18

IR

wi |

L

o

.



4 The Inviscid Instability Problem in I-nteractive Boundary Layers.

We consider the hypersonic flow of a Sutherland law fluid past the semi infinite wall
defined by the positive z axis. The oncoming flow has constant velocity at infinity and
the leading edge of the wall is sharp. This results in the formation of a shock wave which
acts as an upper bound for the flow disturbances in the sub-layers below, the uppermost
of which is inviscid. The reader is referred to Figure (4.1) for a description of the different
parts of the flow field.

This region has been studied by for example, Bush (1966), and since viscosity is
negligible here the use of a power-viscosity-temperature law does not alter the well-known
governing equations for this region. Below the expansions and equations governing the
flow are given. Apart from some minor differences, our formulation is essentially the same
as that of, amongst others, Stewartson (1955, 1964) and Bush (1966) and so the reader is
referred to those papers for more details.

The flow quantities and coordinates have been non-dimensionalised using upstream
flow quantities and L a typical streamwise lengthscale. We then scale the non-dimension-
alised normal coordinate y appropriately
Y

T’ (4.1)

y:

where M is the Mach Number and Y is taken to be O(1). Note that as yet we do not
scale the downstream variable x. As in previous studies we consider the two-dimensional

problem and this enables the introduction of a streamfunction 3 defined by

pu = d)v ’ PV = —Y, (42a7b)

Further we expand the velocity, temperature, density, pressure and streamfunction as

U1 v1
u:1+—-2-+..., 'U=—+"',

. p1
T=T1+"', p=p1+--, p:—2+"') (4.3a,b,c,d,e,f)

M

and
Y= 1¢ +
Mt '
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If the above expansions are substituted into the inviscid Navier-Stokes equations written
in Von-Mises coordinates we obtain, after some manipulation, the governing equations for

this layer

0 (1
V1e = —Ply, » Vig, = —8;(;) ) P1= E(wl)p‘i (4(1, b,C)

The function E(31) is evaluated ﬁom the initial conditions which for these hyperbolic
equations are given at the shock. Conventionally, we define the shock by Y = f(z) where

f is unknown at present; we note that ¥ = f on the shock.

The Strong Interaction Zone

The solution of these equations (and the corresponding ones for the lower layers) can
be investigated analytically in the large z— and small z—limits using expansion procedures,
following Stewartson (1955, 1964), Brown and Stewartson (1975). The formulation below
follows the latter paper closely.

Let us consider the solution of (4.4a,b,c) for small z, i.e. close to the leading edge of

the plate, where the shock is attached. Here we write
f=aw@®*+ .o, pr=afF(Qz 4,

vy = alﬁl((')m'l’4 +--- and nn=p(+--. (4.5a,b,¢,d)
The similarity variable { introduced in the above equations is defined by

!

- a1x3/4'

(4.6)

The scalings (4.5b,c,d) are implied by the Rankine-Hugoniot relations, which relate
flow quantities either side of the shockY = f (:c), and by (4.5a) which follows from matching
normal velocities and pressure across the sub-layers beneath the shock; see Stewartson
(1964) and references therein.

The resulting equations for the leading order terms are

— €1 -
pl(C) = CZ/SF{(C) ) vy + 3@1 = 41—:”1»
3¢ Iy -1y
7] = —3P] d ea=_—~———= 4.7a,b,¢,d
1 451/71 an 1 8(’}’—{-1)7'*'1, ( a,0,c¢, )
with
— 3 _ 9 _ ~y+1
V] = ———iem , = ———, = on = 1
YT TG n TR (=1
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which are the conditions at the shock. We require their solution for { < 1. In particular,
for given v we can solve numerically for 71(0) and 5;(0).

Substitution of (4.5b,d) into (4c) and recalling the definition of { gives E(i1) ~
p1a§’3¢;2’3 as 1 — 0. This implies that, as ( — 0, p; ~ C2/31 and this produces a
higher order correction in v1 if v > 32; For a realistic gas v is larger than this value,
with the result that there must be a viscous sublayer beneath the present layer. Bush
(1966) found that this layer enables one to match the inviscid-layer solution on to the
boundary layer solution if one used a power-viscosity/temperature law (u~T w<1),
rather than the linear law used by Stewartson and most other research studies in the field.
Stewartson (1955) hoped that by using idealized assumed physical properties it would
help to “understand the behaviour of more realistic fluids”. His assumption resulted in
discontinuous derivatives, or “kinks”, in properties between the Inviscid Zone and the
Boundary Layer, see Fig. 7.4, page 167 of Stewartson (1964). Despite the results of Bush
(1966) (and a few subsequent authors) the linear viscosity law is still extensively used
in hypersonic shock/boundary-layer research; it is argued that these ‘kinks’ are only a
slight nuisance that can probably be explained away by deeper analysis and appeal to the
argument of Stewartson concerning the assumption of ideal fluid properties. The analysis
of Bush was extended to the linear case by Lee and Cheng (1969). They found that, by
consideration of a second order boundary-layer correction, coupled to Bush’s transitional
layer analysis, the two layer structure of Stewartson gives the correct basis for the flow
structure.

Not surprisingly the extensive use of Chapman’s law in hypersonic calculations has
encouraged researchers in stability theory to make the same rather severe approximation to
the fluid viscosity; we believe that the calculations given in this paper are the first to take
account of a realistic viscosity-temperature dependence in a first mode stability analysis.
We note that our flow solutions in the layers beneath the shock are in full agreement with
Bush, but he considered a general power law whereas we concentrate on p ~ T2 the
leading order form for Sutherland’s law at high temperatures. For convenience we will
use the notation of Stewartson and Brown (1975). We will next consider the viscous-

adjustment-layer after discussing the third sub-layer, the viscous boundary layer.

Viscous Boundary Layer
This is adjacent to the surface of the plate and enables velocities to be reduced to

zero on the surface. First, the full asymptotic formulation is described briefly, then the
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asymptotic behaviour for small z is discussed in the next subsection. We assume that the
boundary layer exists where ) ~ M~3, o being the stream-function defined earlier. We

define the hypersonic parameter r by
Re=rM5 (4.8)

and take r to be order one. Note that the power of the Mach number is six in the definiticns

of the hypersonic parameters of those using a linear viscosity law. We write
| %1 1

u=U1+. -, v=—+ -, p=-ﬁ2—

P
M 1,

1
T M2

These scalings are standard apart from that for the viscosity u which follows immediately

p R1+ , T=M261 and H=M}11. (4-9aabac’daeaf)

from the high temperature form of Sutherland’s law:
p=(1+0)TY2 (4.10)

We make the assumptions that the Prandtl number is unity and that the wall is
insulatiﬁé; ;Iug enables us to carry out a relativelyr simple analysis for the viscous solutions.
The solutions capture the new structure of the inviscid modes due to the effect of using
a power-viscosity law in the viscous sublayers. The relaxation of these assumptions does
not substantially alter the conclusions obtained below.

We again transfer to von Mises coordinates; using the streamfunction ¥ as an inde-
pendent variable instead of Y. The energy and momentum equations are combined to

yield the boundary-layer equations in these coordinates

~1)(1-U3) PU
U1U1,=—(’7 ) ( 1)P1,+7 1 1(£U1U1q,) ’
2 7P r 0, T
and B
1
6 = 77(1 ~U2), (4.11a,b)

together with pu1 = 0%/2 from (4.10), and with usual boundary conditions
Up=0 on ¥ =0,

Uy —1 as ¥ — oo. (4.12a,b)
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Boundary-Layer Solution for the Strong Interaction Zone
Now let z be small so that the hypersonic interaction parameter becomes large. We

define the similarity variable ¢ by

9 ) 1/4a1$1/4

¥ =+ onor (L) e (4.13)

where a1 and ;(0) were introduced when considering the inviscid region. If we now write

Ur=g(8)+: (4.14)

we obtain the similarity equation for the boundary-layer solution
I3
, Y- 1) 2 ( 99’ )
— _ | — ) (1 - + P .
g9 ( ol ACIE I\ G- o
and

g(0)=10, gloo)=1. (4.15a,b,¢)

This is a modified Faulkner-Skan equation, but the decay of g at large ¢ is now

algebraic rather than the usual exponential behaviour,

a B
gNI—F-{—---, as ¢ — o0, (4.16)
and a > 0 can be determined analytically.
Matching normal velocities across the sub-layers in the usual manner yields the leading

order coefficient ai in the small z expansion for the as yet unknown shock location

3040 (2001} (v -1 L4 poo g _ g2
a1 = 4v1(0) (7"71—91(0)) ( 2 ) /0 g 49- (4.17)

The Viscous Transition Layer
Here the velocities and temperatures in the outer inviscid flow match with those in
the inner boundary-layer flow. We give a brief account of the arguments used to deduce
the position and properties of this region and again consider the strong interaction zone.
Earlier it was noted that the inviscid density function py ~ ¢%3 as ( — 0. It can

easily be deduced that uy and T} grow like inverse powers of ( as { — 0. In fact

:123/4) 2/ 3y
b

~ ~ -1/2 _2/31N -y20
T~T1~z ¢ z
Y1

(4.18)
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as i1 — 0.

Now let us consider the boundary-layer temperature as the top of the layer is ap-
proached. We have written T = M?6; and found that §; = "’—5—1(1 — U2). We know the
large ¢ behaviour of U; and it follows immediately that

9 1 T T
l PN — PN e— Ny s
¢t Tt mByi
so that
T = m26; ~ —~ as ¢ — oo. 4.19
G 9

Matching the limiting temperatures (4.18) (4.19) gives the position of the viscous transition

layer,

9
Y1 ~ M-rg(3-2)r4 , A= o7 i ] (4.20q,b)

This is in full agreement with Bush’s result. Note that the powers involved in the asymp-
totics are functions of +, the ratio of specific heat capacities, in the new layer. Further
investigation of the small 1 limit of the inviscid solutions implies the following expansioans

for flow properties in the transition layer

{23

w=1+MS g,
T=M&"T + -, (4.21a,b,¢)

together with

o

o

We define the scaled streamfunction 7
P1=nM"* (= My). (4.22

These are then substituted into the Parabolised Navier-Stokes equations in Von- Mises

co-ordinates to obtain the equations for u

Ul T z e} 1 du
. __Tip +7p1—'-(-—1—1), (4.23
(1+C) p1 r on\py on /.
where, as we are taking the Prandtl number to be unity and the wall to be insulating, the
corresponding energy equation can be integrated to yield

T1 = (1- Y)ui. ,, (4.24:)
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The pressure pi is independent of the normal co-ordinates, as usual in viscous regions

governed by the boundary-layer equations, so the pressure is expanded

2.
aip1(0
o= L( ) 4 ...
T2

in the two viscous layers, this being the limiting form as the inviscid layer is descended.
We see that (from (4.23)) in this adjustment layer we still have the high temperature

form of Sutherland’s law, in contrast with 'the shock-free adjustment layer of section 2

where the full form is needed. Again, a similarity solution for the flow exists in this

viscous sub-layer with similarity variable z defined by

n = Brlz, (4.25a)
where 0
g2 = (C + 1)va7p1(0)
T
and \
3
A= 7 (4.25b, c)

Writing u1 = 2*~2G(z) leads to the governing equation for the flow solution in this

crucial region

1—7 G’ !
zG' = G-}-[ ______]
2y V{1 -7)G

Note that from the definition of u1, (4.21a), we expect that G < 0. We require that this

(A—2)G —

(3 ; A) (4.26)

solution for u1 matches to the corresponding solutions above and below, i.e. in the inviscid
sub-layer and viscous boundary layer respectively, so we must investigate asymptotically
the small and large z limiting forms of G.

As z — 0 we find that G has the behaviour

5762

G=-goz t+q1z7" + -, (4.27a,b)

Thus the transition layer solution matches onto the large ¢ form of g. The exponent v
of z in the first correction term can be calculated analytically whilst the coefficient g1
must be determined from a numerical solution. In fact v satisfies a quadratic equation
with coefficients functions of 4. With v = 1.4 we find that v = 0.6267 ... so that we have
relatively small correction terms. The value of go for this choice of gamma is 275.6 ... and

so G grows quickly as z — 0.
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We now investigate the behaviour of G for large z we find that
G— —Agz™ T + A1z" w4+ (4.28)

and so again we have a relatively small correct'ion term. Note that G decays algebraically, in
contrast to the rapid exponential decay of the Blasius and the “Modified Blasius” functions
which arise in the shock-free, far- downstream cases (the former after employing the linear
Chapmaﬁ;r;c?)elty law and the latter from the use of the more realistic Sutherland’s law
- see earlier). The second coefficient A1 is a function of gamma and can be determined in
terms of Ag; in fact

8453y +1)

IR HC

The constant Ag is not fixed by the asymptotics. Instead we must choose it so that the

velocity solution matches with the appropriate limiting form of the inviscid solution. We

obtain, after an elementary matching argument, and a little manipulation, the result

- 2 & 1= 7
STafrsv e
Ap=(14+C) & TP (4.29)
¥—1
For the value v = 1.4 we ﬁnd Ao = 0.1751.... In our numerical calculations we took

w1thoutrloss of generality the hypersomc interaction parameter to be unity. Now that the

base flow for this region has been found (at leading order) we can consider its stability
character;igrcs in partlcular we are interested here in the linear stabrhty of inviscid modes

concentrated (trapped) within this adJustment layer. These so-called vort1c1ty modes have

been discussed earher for other flows.

The Vorticity Mode in the Strong Interactlon Zone
The scalings for these modes appear comphcated but follow in a stralght forward

manner after applymg the ‘usual vorticity mode arguments to the flow field discussed
above. The modes of wavenumber k have Wavelength comparable with the thickness of
the transition region and a Rayleigh analysis suggests we require Jyy ~ T2k2. This can
be seen, for example, from (2.12a) and (3.4) studied earlier. From (4.21b), and recalling
the definition of A in (4.20b), we have T ~ M*®-% and also from (4.22), ¢ ~ M~>*-1,
Note that with these scaling we are primarily concerned with obtaining the correct Mach

number dependence; the small z dependence will be incorporated later. We deduce that
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k ~ M7-3 >> 1, and thus this represents a short wavelength mode and so we introduce

a fast z-scale
X =Mz, (4.30)

The time-scale can also be similarly deduced from Rayleigh analysis, after noting that the
vorticity modes propagate in a frame moving with uniform velocity and recalling the uj

scaling (4.21a) . We are lead to the introduction of a short time scale.
=M1t (4.31)

We note that these scales are compatible with our earlier analysis of the non-interactive

case. At leading order we have the multiple-scales
8, =0, + MT-Pox , 8 — Mo, - M Poy.

Note that non-parallel effects are 0(8,) ~ O(1) and are negligible in comparison with the
direct growth effects of order k(u — 1) = O(M*~1) >> 1; for our choice of v = 1.4 we
find that A = 1.7027. The wavespeed & of the vorticity mode propagating in the frame
moving with uniform (nondimensionalised) velocity u = 11s related to its stationary-frame

wavespeed ¢ by

C=1+M4C2—A o (4.32)
which follows immediately from (4.21a). Note that it represents a small perturbation about
the velocity of the propagating frame. The remainder of the analysis follows the classi-
cal inviscid mode approach for formulating the pressure equation for the linear wave-like
disturbance, now that the scales have been deduced. We assume that the flow previously

discussed for this region is perturbed by an infinitesimal disturbance proportional to
I4 eik(x-&r) (4.33)

containing all the X and 7 dependence of the disturbance. We note that the basic flow
properties are independent of 7 and X allowing such an assumption. After a little manip-
ulation we will obtain the so-called vorticity-made-Rayleigh equation for the amplitude of

the disturbance pressure p,

n 2“17; ~ (7_ l)zu% 2
L 2Pn = " k“p =0, (4.34)
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where we require p to decay to zero for large and small . We now return to the Strong
Interaction Zone and investigate the asymptotlc behaviour of (4.34) for small z.
We recall the leading order small z forms
_ a%ﬁ]_(O) o 1(3-2)
T n=pat “ (4.35a,b, c)
uy = -2G.

We need the small-z dependence of & and k but need not worry about p as (4.34) is linear.

We find that

¢=a*"%C,

and

rf
k= .30k (4.36a,b)

are the necessary behaviours. The former follows immediately from (4.35c) and the latter
results from considering the coeflicient of p in (4.34). We finally arrive at the renormalised
problem for p; the vorticity-mode pressure-amplitude equation for the strong-interaction

zone G
2G’ 2 2
All - Al - G p = 0) 4-3"
Pis — b —K°G%p (4.37)

to be solved subject to p vanishing in the limits z — 0 and z — o0, so that, as in previous

analyses, the disturbance is confined to the adjustment layer. We discuss our numerical

solution of this eigenvalue problem and its limiting small wavenumber form in the next

section.
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5 The Solution of the Strong Interaction Vorticity Mode Equation.
The leading order asymptotes of equation (4.37) are found to be

A .2 gok
Do P2 exp\ — 3 as z—0
3z
. L 3740k (37 —2)
and P — Poo 237 Xp\ — z asz — o0
3y -2 3y

(5.1a,b)
where po and po, are constants and the numbers go and Ao arise from the corresponding
asymptotes for G given earlier. Higher order terms in these expressions can be found
analytically, and, in fact, are needed for accurate numerical solutions to this eigenvalue
problem for C and K, the scaled relative wavespeed and the scaled wavenumber of the
inviscid vorticity mode, discussed after briefly paying attention to the neutral case. There
C is real and takes the value of G evaluated at the generalized inflection point which of

course occurs where

GG,, = 2G2.

A numerical solution to (4.26) using a Runge-Kutta method shows that this occurs
when ¢ = 1.661432, where the new variable { = ¢nz was introduced to ‘stretch’ the co-
ordinate-scale for small z where G, and hence p, vary rapidly. The resulting neutral value

of the wavespeed is then given by
C = —-0.633318.

The corresponding real value of K is obtained from a numerical solution of (4.37) for all z
with an appropriate treatment of the path of integration at the generalised inflection point
(g.i.p.). The particular numerical procedure chosen to calculate this neutral wavenumber,
and the complex eigenvalues C was to extend the line of integration into the complex-
plane, taking a triangular contour around and below the g.i.p. The neutral value of K
was calculated to be

K = 477957

Figure (5.1) shows the growth rate KC; plotted against K we find that the maximum
growth rate ~ .060918 occurs at K ~.156100 and that the growth rate goes to zero when
the wavenumber goes to zero. In Figure (5.2) we show the eigenfunction of the most
unstable mode, we note the exponential decay of the eigenfunction at both ends of the

range of integration.
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We shall now show how the small wavenumber structure of the strong interaction
inviscid mode develops iv'hghﬂﬁlg}ﬁévenumber téndé :Wtro zero. VVIn fact we simply give the
structure corresponding to the first small wavenumber regime discussed in Section 3. Some
discussion of the regimes encountered at even smaller wavenumbers will be given in the
next section.

The small-K behaviour

" Numerical solutions of the pressure-amplitude equation, (4.73’77), indicate that C grows
as K — 0; exactly the same behaviour was found for the no shock problem studied in
Section 3. However, in the latter, the leading order dependence on the wavenumber was
indicated from the numerical solutions, whereas, in the present case, such guidance was
not possible due to a complicated dependence of C on K. Instead, the equation was studied

analytically for small X, and initial investigations suggested that

2y~4e _ L
M{ﬂzf_l}

as k — 0. Here the parameter ¢ is a function of 4 and is defined by

4
4e=1— — 5.2
e=1-4 (5.2)

and we have replaced X, C by k, ¢ respectively here and henceforth in this sub-section.

It follows from (5.2) that special attention is required for values of v close to v = 3
and, as this coincides with the range of physically relevant values of the ratio of specific
heat capacities, we solely consider the case of |¢|] << 1 in this section. We note that the
suggested form of c is defined and continuous at v = 3 by appealing to “L’Hopital’s Rule”.
Below we outline the asymptotic regions and corresponding solutions required to resolve
the leading order behaviour of c as k — 0.

When z is very large, we have the WKB asymptote

~ 1 3 A 3y=-13
P~ 237 exp(— 740 sz'v_)
3y -2
and we note that for smaller z this form breaks down in a ‘turning-point’ region corre-
sponding to
3y
z~ kT S>> 1

In this region we define
= kﬁ?z, P = }30(@) + ... (5.3a,b)

<>
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and, using the large-z asymptotes for G, we find that Py satisfies

A

Poyy — Ak *Py=0, a=_—. (5.4a, b)

This equation for Py has an analytic solution involving the modified Bessel Function
K, the required solution being
. _ 1
Py = Don“K“(En) (5.5a)

where

1
n=4Aouy’, v=1-2a and pg= 25 (5.5b,¢c,d)

Here Dy is an arbitrary constant. We can investigate the small § behaviour of Py by

considering the limiting forms, for small arguments, of the modified Bessel functions. We
find that

N 1— AZ 2:2v (2 — A2 2\p
P0=D07r( u)zz;&—l[l_'_ oLy (2 — p)(Agu”)

sin(yer) G T Taoma-w (5.6)

as § — 0, the ordering of the second and third terms being dependent on the value of ;
we note that the corresponding powers of § (the indicial roots of the associated Frobenius

solution) become equal when v = 3" Moreover, the coefficients of these terms are also

4 . .
singular when ~ has this value (note that v = 3 & u =1). Here I is the Gamma function.
That special attention is needed for valyes of 4 near four-thirds is now apparent and,
as mentioned earlier, it is exactly this range of v that we are interested in, physically.

1
Considering € = i a to be small, we see that

@45 _
4e

. _ 1

Py; ~ 2D0A(2)[( )+ 1+ 0(6)] (5.7)

as § — 0. We note that f’o,; (and, in fact, Po) is defined, and moreover, continuous as

€ — 0. It is convenient to recast the last result in terms of z to ease matching to the next

asymptotic region to be discussed. The result is that

4, A

z* —1 k-3 —1
oy

) +

by, ~2D Azkﬁ[krf’r:
0 040 ( 4e 4e

(45)

as z — 0.
The solution for P = Py(9) + - - -, will continue to be the leading order behaviour of P

until contributions from the ‘middle’-term (proportional to f’,) become leading order. The
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location of this next region of interest can be easily located, by analogy with the respective
ana.lyms of Section 3, as we expect ¢ >> 1 as k — 0. Here z ~ ¢~ /4 using the small-z

asymptote of G, and we expand
P =2Dg [1+k262’2P( Y+, c=éebat - (5.9a,5)

where 62, = §2(k; €), is a small parameter. The P form is implied from the Py solution for

small §. The new, scaled normal variable, gls taken to be O(1) and is defined by

1/4,_

z=16;"%p (<< 1). (5.10)

Substituting into the pressure-amplitude equation, (4.37), yields the equation satisfied by

P

890 98
P + ___A_P_= 2 5.11
" glgo+egt) T B (5:11)

where go arises from the small-z asymptote of G. This can easily be integrated to give

2 1
Pio) = (¢ + 2 / 904\ p,), (5.12)
(¢7* + go)

with Dj an arbitrary constant to be determined by matching with the previous region. As

g — oo we see that P; — D1é2, thus P, — D1826Y* and matching with (5.8) gives
v 2

4e
1—-2a _
kleézég/4 = A3k [(k__l) + 1},
4e
at leading order. We choose Dy = —A2 ¢=2 and this determines the size of ¢ for small k
FRE) 4 1] ..
s/ = _[( )4 ]_ - (5.13)
—4¢

4
Taking the limiting value as ¢ — 0, we have that when v = 3

5% = —mk2-1 >>1 (5.13)
recalling that Inz — —o0 as £ — 0; the choice of D1 < 0 ensuring that 62 is real and we
allow ¢ to be complex. When ¢ is small we see that &2 is large and has the form suggested
at the start of this section. Thus 2, as given by (5.13), leads us to conclude that, for

the physically realistic values of v around four-thirds, the scaled, relative wavespeed ¢
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increases as the scaled wavenumber k decreases, this growth having logarithmic magnitude
in contrast to the much faster algebraic growth found in the no-shock analysis presented
in Section 3. We note that the corresponding frequency, proportional to ck, tends to zero
as k decreases. The k— dependence of ¢, for k — 0, can be deduced in a similar fashion
for other values of v, and we note that, mathematically, the no-shock result of Section 3
is the limiting case v — 00.

All that remains now is to determine ¢ and this is easily deduced by introducing a
further region where z ~ kl/3 << 1. The details are identical to those of Region IV in

Section 3; again we find we need P; — 0 as § — 0, resulting in an expression for ¢

/ “  gdg AR _
o (gF+9)? &
which can be solved for complex ¢&; after an elementary contour integration and a little

manipulation we obtain

_ (8\/—A0) 3in

: A0) " exp(— ) (5.14)

37gg
which corresponds to to an unstable mode of (4.37).
Thus we have obtained the structure of the vorticity mode in the strong interaction

region at small values of the wavenumber. We postpone any further discussion of our

results until the following section.
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6 Discussion

We have investigated the instability of flat plate hypersonic boyndary layers to the
vorticity mode of instability. This inviscid mode i 1s associated with the generalized inflec-
tion point of the basic flow and is thought to be the most dangerous mode of instability
of a high Mach number flow. When the mode is neutral the wave propagates downstream
with the speed of the fluid at the generahzed mﬂectwn point. At wavenumbers smaller
than the neutral value the mode is unstable and the growth rate attains it’s maximnum
value at a finite value of the wavenumber. In the small wavenumber limit the growth rate
approaches zero and for the non-interactive boundary layer at sufficiently small wavenimni-
ber the vorticity mode spreads out towards the lewer boundary and reduces to an acoustic
mode at a countable infinite set of wavenumbers. We believe that a similar process hap-
pens in the strong interaction case since there the acoustic mode is correctly described by
a quasi-parallel theory there. We did not pursue that calculation here because it would be
essentially unchanged from that of Section 3 except that it would be made somewhat more
complicated by the necessity of treating the vcaseq'y = 4/3 as a special case in the strong
interaction zone.

We believe that the results we have presented in Sectlon 4 are the first which show
the effect of a leadlng edge shock on any form of hydrodynamlc instability. Interestingly
enough the shock does not have a direct influence on the vorticity mode; thus the main
effect of the shock is to restructure the boundary layer in the leading edge region and
thereby influence the susceptibility of the flow fo inviscid disturbances.

The vorticity mode eigenvalue problem was formulated in the interactive region along
the plate at O(1) values of z. However to the authors’ knowledge the basic flow in this
regime has not yet been calculated; the numerical problem was set up by Bush (1966) but is
sufficiently difficult to have remained unsolved. Thus we were unable to solve the eigenvalue
probiem in this regime and therefore choose to consider the strong interaction regime where
a similarity solution for the basic state is available. An alternative to that limit would have
been to consider the weak-interaction problem, Bush and Cross (1967), where a different
similarity structure holds. We choose to concentrate on the strong interaction limit because
the growth rates there are bigger and if the flow is indeed unstable there the stability of
the flow further downstream is possibly of less relevance.

Unfortunately we are unaware of any experimental observations or other theoretical

work which we could compare with our results for the strong interaction regime.
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In Section 3 we showed how the acoustic inviscid mode emerges from the small
wavenumber description of the vorticity mode. Again it is not possible for us to com-
pare our work with that of previous authors since it appears that the finite Mach number
calculations available, mostly due to Mack, have either being carried out using a Chap-
man viscosity law or a combination of Sutherland’s and Chapman’s law. In fact Mack’s
calculations were carried out using a combination of the different laws so as to efficiently
model the viscosity-temperature structure of the fluid. The fact that the calculations of
Cowley and Hall(1988) and Smith and Brown (1989) agree so well with Mack’s calculations
suggests that over the part of the flow where instability took place Chapman’s law was
being used; in the case of the vorticity mode this is clearly a bad approximation because

the mode locates itself in the layer where the basic temperature field varies rapidly.
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